We describe the relationships between summer average total phosphorus (TP) and the biomass of six major phytoplankton taxonomic groups from 91 north temperate lakes. Both regression and a locally weighted smoothing (LOWESS) analyses show that all groups increase with TP but over different nutrient ranges. At nutrient extremes, i.e. very low and high levels of TP, the few taxonomic groups that dominate total biomass are generally dissimilar. In oligotrophic and eutrophic lakes, most group biomass curves show corresponding increases or decreases, but different rates of change. The curves converge at intermediate TP levels (-10-30 p,g liter-l) where there is increased equitability among algal groups. In highly eutrophic lakes, the slope of the total biomass curve decreases, as do all the relative abundances of all groups except blue-greens and diatoms. We conclude that the curvilinearity of the TP-total biomass curve is not attributable to a single taxonomic group, because all groups show some nonlinearity in relation to TP We suggest that morphological diversity, differential herbivory, and, in particular, mixing regime may explain some of the-observed patterns.-
There is a well-established, positive relationship between nutrient loading and productivity in lakes (e.g. Schindler 1978) , which is most readily apparent as increasing phytoplankton biomass with eutrophication (Nicholls and Dillon 1978) . Growth of phytoplankton may be limited by one of several nutrients (e.g. phosphorus, nitrogen, carbon, silica) in a manner that has been related to cellular stochiometric ratios (e.g. Hecky and Kilham 1988) , but in the majority of temperate zone lakes, annual productivity is most frequently phosphorus limited (e.g. Smith 1982) .
Numerous studies have shown that phytoplankton taxonomic composition and species diversity change with increasing nutrient levels (e.g. LaZerte and Watson 198 1; Smith 1990 ) and that these changes are related to differences among taxa in nutrient uptake, storage, growth, and loss rates (Kalff and Knoechel 1978; Reynolds 1984) . In temperatezone lakes, oligotrophic systems support minimal phytoplankton biomass with low species diversity and are generally dominated by nanoflagellates belonging to the Chrysophyceae and Cryptophyta or by cyanobacterial or chlorophyte picoplankton (e.g. Pick and Caron 1987; Willen et al. 1990 ). Moderate enrichment results in higher and more seasonally variable levels of phytoplankton biomass, along with increased taxonomic diversity (Sommer et al. 1986 ). In these mesotrophic systems, most algal taxonomic groups are represented over the growing season, especially Bacillariophyceae (diatoms), Chlorophyta (green algae), Cryptophyta, and Dinophyta, as well as Cyanobacteria and Chrysophyceae (e.g. Rosen 1981; Eloranta 1986 ). Eutrophic and hypereutrophic lakes sustain very high average algal biomass often I Present address: Iowa State University, Department of Animal Ecology, 124 Science II, Ames, Iowa 50011-3221.
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dominated by very few taxa, usually Cyanobacteria, diatoms, or in some water-bodies, chlorococcales or dinoflagellates (e.g. Paerl 1988b; Padisak and Dokulil 1994; Jensen et al. 1994) .
Surprisingly, there are few quantitative comparisons of changes in the average biomass of major phytoplankton taxa with nutrient levels among lakes, although some studies have measured changes in the average proportions (%), or dominance, of some algal divisions (Smith 1990; Duarte et al. 1992; Chow-Frazer et al. 1994) . Shifts in phytoplankton taxonomic structure with enrichment have been documented by extensive single sample surveys of lakes (e.g. Rosen 1981; Eloranta 1986; Willen et al. 1990 ) and have been qualitatively described in excellent reviews of general successional dynamics (e.g. Reynolds 1984; Hecky and Kilham 1988) and of individual taxonomic groups (e.g. Paerl 1988a; Sandgren 1988; Willen 1991) . These shifts have been successfully predicted for individual species on a local scale (i.e. within lakes) using resource-competition models (e.g. Tilman 1982; Sommer 1993 ) and more complex mechanistic models (e.g. Smith et al. 1987; Varis 1993) . Furthermore, several studies have empirically described the increase of cyanobacterial biomass with total phosphorus in north temperate (Smith 1986; McQueen and Lean 1987) and subtropical lakes (Canfield et al. 1989) ; however, similar quantitative relationships for other major groups have not, to our knowledge, been derived.
In previous work, we and other authors have shown that algal biomass measured as either chlorophyll a (Chl a) or algal biovolume varies nonlinearly with total phosphorus (TP) (McCauley et al. 1989; Prairie et al. 1989; Watson et al. 1992 ), and we suggested that this curvilinear&y reflects nonuniform growth and loss rates of one or more components of the total phytoplankton community. We tested the idea that this nonlinearity can be explained by differences in the responses to enrichment of two functional size fractions with high and low susceptibility to zooplankton grazing Table 1 . Partial regression coefficients for least-squares multiple regression analyses of the relationships between phosphorus (TP) and total biomass, chlorophyll a, and taxonomic group biomasses. Analyses performed on log-transformed summer epilimnetic averages (based on a minimum of five samples; all estimates in kg liter-'). Level of significance given in parentheses (NS = not significant); N = number of observations (lake-years). ("edible" vs. "inedible" fractions; Watson and McCauley 1988; Watson et al. 1992) . We observed that, as predicted by theory ), edible algal biomass shows a minimal increase, whereas the inedible fraction exhibits a significant, nonlinear growth over the entire TP range. These differences result in a marked discontinuity in phytoplankton community size structure, such that oligotrophic lakes are dominated by small edible algae, mesotrophic systems have similar average levels of both size fractions, and in eutrophic systems, inedible algae show increasing dominance (Watson et al. 1992) . Furthermore, these patterns are not explained by differences in productivity , which implies that differential grazing losses play an important role in modifying the responses of phytoplankton communities to enrichment. Clearly, functional size and taxonomic divisions are often strongly correlated. In fact, some generally observed changes in phytoplankton taxonomic structure with enrichment compare with those shown by edible or inedible algae. For example, there is a general decrease in the proportion of Chrysophyceae (which include many edible taxa) and an increase in the abundance and proportion of large, inedible Cyanobacteria with nutrient enrichment (Nicholls and Dillon 1978; Smith 1990) . Therefore, if differential grazing generates a curvilinear total biomass-TP curve, we might expect to see groups dominated by nanoplankton (Cryptophyta and to some extent Chrysophyceae) to show little change with enrichment, as we previously observed for the edible algal fraction (Watson et al. 1992) .
The purpose of this paper is to synthesize observations of the average summer biomass of the most commonly reported taxonomic groups from a large number of different studies and to seek patterns describing changes in the biomass of each group with total phosphorus across lakes. We examine whether the observed nonlinear TP-phytoplankton relationships (e.g. McCauley et al. 1989; Watson et al. 1992 ) can be accounted for by changes in any of the taxonomic groups. In addition, we quantify the relationships between relative (%) biomass of each taxonomic group and TP among lakes. These analyses are based on the average phytoplankton taxonomic composition of a wide range of north temperate lakes and are restricted to the summer period to minimize the effects of seasonal large-scale environmental changes associated with any dimictic lakes in the dataset.
Ideally, estimates of nutrient uptake and loss rates for individual ta:<a could be used to make a priori predictions of how the abundances of taxonomic groups might vary with phosphorus enrichment. However, despite the fact that there are excellent detailed studies of individual taxa (e.g. Lehman and Sandgren 1985) , parameter estimates for single species are few relative to the vast number of known taxa, and among-study variation in estimates for a single species may be as significant as interspecific differences (e.g. Wood et al. 1992) . Fun:hermore, the considerable heterogeneity of size, morpholog,y, and physiology within many taxonomic groups, coupled with environmental stochasticity, make quantitative predictions at a higher taxonomic level seem elusive. We therefore choose to first establish empirical relationships and then develop testable hypotheses, based on some key mechanisms thal: affect phytoplankton dynamics, to explain some of the trends we observe.
Data and analyses
The data used in this analysis were obtained from a synthesis of published studies and reports and include only estimates of summer seasonal mean biomass and total phosphorus concentrations found in north temperate lakes. Recently manipulated (e.g. fertilized, dredged, acidified, stocked, etc.) and dystrophic lakes were not included. Most of data are in the form of euphotic zone composite averages, based on a minimum of five samples over a growing season. Data from 91 lakes were used; different years within a given lake were treated as separate observations in the analyses (205 lake-,years). The range of TP associated with this dataset is extensive (3-1,300 p,g TP liter-'), although there are fewer observations (N = 5) from ultraoligotrophic lakes (<5 p,g TP liter-') than in our previous empirical studies (McCauley et al. 1989; Watson et al. 1992 ). The largest number of observations (46%) is from mesotrophic systems (lo-30 pg TF' liter-'), whereas hypereutrophic measurements (> 100 kg TP liter-l) represent 14% of the data. A copy of the dataset can be obtained at a nominal charge from the Depository of Unpublished Data, CISTI, National Research Council Canada, Ottawa, Ontario KlA OS2.
Systematics are continuously evolving (cf. Wood et al. 1992 ) and often differ among investigators. Most studies in this dataset divided total phytoplankton biomass estimates among up to six major taxonomic groups (Table l) , identi- Table 2 . Partial regression coefficients for relationships between average summer epilimnetic total phosphorus (TP) and (%) contribution of taxonomic groups to total biomass. Least-squares multiple regression analyses performed with arcsin-transformed %variables; level of significance given in parentheses (NS = not significant); N = number of observations (lake-years). fied here following commonly used nomenclature (e.g. Van den Hoek et al. 1995) : Cyanobacteria (blue-greens), Chlorophyta (green algae), Bacillariophyceae (diatoms), Chrysophyceae (most studies included Prymnesiophyceae and Synurophyceae in this group), Cryptophyta, and Dinophyta. Collective data for the six different taxonomic groups cover different TP ranges, because each group was not reported in all studies. In some cases, this was because only one taxonomic group was of interest to the investigators. Other studies only enumerated or reported dominant groups, and it was not always possible to determine which were absent and which were not quantified: in these cases the data were treated as missing values. In addition, none of the studies included picoplankton in their biomass estimates, and others may have overlooked small flagellates. Thus the empirical relationships that we present include these enumeration biases. Relationships between total phosphorus concentrations and the biomass of each taxonomic group were analyzed independently. The relationships between TP and measures of total algal biomass (i.e. biovolume and Chl a) were also analyzed to ensure that the data follow trends similar to those found in previous studies (e.g. Watson et al. 1992) . Two methods were used to examine the shape of the each curve: least-squares polynomial regression analyses (LSQ), using backward variable selection regression (SAS version 6.04), and a model-free, locally weighted sequential smoothing technique (LOWESS; Cleveland 1979). Both complementary methods were used to ensure that forms of relationships between TP and algal biomass were not erroneously reported, due to inadequate or incomplete model specification (Draper and Smith 1981) . These analyses were performed with log-transformed values of TP, and of total and taxonomic algal group biomass, and arcsine transformations of % biomass data (Tables 1, 2) .
Results
Regression analyses show that over the entire TP range, the mean summer biomass of each taxonomic group is significantly and positively related to TP, except for Chrysophyceae (P < 0.0001; Table 1 , Fig. 1A) . The model-free LOWESS technique, however, shows that all groups, including Chrysophyceae, increase with TP, but for different nutrient ranges (Fig. 1B) . The fitted (LSQ) curves of the individual taxonomic groups fall into two main groups-those that exhibit a consistently steep increase in biomass over most of the TP range (Cyanobacteria and Bacillariophyceae) and those that show a much more gradual increase (Chlorophyta), or exhibit regions of increase, and regions of little change with TP (Chlorophyta, Cryptophyta, Dinophyta, and Chrysophyceae; Fig. 2 ; Table 1 ). An analysis of the Studentized residuals shows that in all cases more than 95% of these residuals fall within k-2 SE about the fitted LSQ models, with no significant differences in the amount of residual variation in oligotrophic, mesotrophic, or eutrophic lakes. In other words, there is no systematic change in the amount of unexplained variation along the TP gradient.
Cyanobacteria show a conspicuous stepped increase with TP over the entire data set range. This taxonomic group shows the lowest average biomass in nutrient-poor systems (< 10 p,g TP liter-') but increases very rapidly with TP in this region (Figs. 1, 2A) . At intermediate levels of TP (-lO-30 kg TP liter-'), the LOWESS biomass curve exhibits a narrow region where there is little nutrient-related change. This plateau is followed by a second very rapid increase in cyanobacterial biomass with some levelling in hypereutrophic systems, more strongly suggested by the parabolic LSQ fit (Fig 2A, Table 1 ). Diatoms also exhibit a steep increase with TP across the entire TP range, although this is a more log-linear response with no significant change in slope (Table 1, Fig. 2B ). As one of the most abundant groups in oligotrophic systems, diatoms supply most of the phytoplankton biomass in lakes with low to moderate nutrient levels (-lo-30 kg TP liter-I), but they are generally subdominant to blue-greens in more eutrophic lakes (> 100 Fg TP liter-'; Figs. 1, 2B).
The remaining taxonomic groups show less dramatic changes with TP Among these, Chlorophyta respond in a nearly log-linear fashion, similar to diatoms. But green algae increase at a much slower rate, rarely dominate total phytoplankton biomass (Fig. 1, Table l) , and are most frequently reported at TP levels below -200 kg TP liter-' (Fig. 2C) . More curvilinear increases with phosphorus enrichment are shown by Dinophyta and Cryptophyta (Table 1 ; P < 0.0001; Fig. 1 ). Dinophyta exhibit a stepped increase similar to that of Cyanobacteria. Unlike blue-greens, however, dinoflagellates are not frequently reported in the hypereutrophic lakes in our data set and dinoflagellate biomass generally decreases at very high TP levels (>lOO kg liter-'; Fig. 2D ). The two taxonomic groups that may be generally more susceptible to grazing-Cryptophyta and Chrysophyceae-show some dissimilarities in their patterns of change with TP Toanalyses are restricted to this TP range (<lo Fg liter-'), the gether with diatoms, Cryptophyta and Chrysophyceae are results show that both Chrysophyceae and Cryptophyta inthe most abundant taxa in nutrient-poor summer phytoplankcrease significantly in average biomass with enrichment (P ton assemblages (Fig. 2E, F Log TP (pg liter-') Fig. 3 . Average (across lakes) contribution (%) of phytoplankton taxonomic groups to total summer biomass with increasing total phosphorus (LOWESS fits). Legend as in Fig. 1. (i.e. >lO pg TP liter-'), the average summer biomass of Chrysophyceae levels out and shows no evidence of further TP-related change up to -450 kg TP liter-l, above which these taxa are not reported in our dataset (Fig. 2F) . Cryptophytes, on the other hand, exhibit a continued increase from oligotrophic conditions and level out at higher levels of TP than chrysophytes (i.e. >-30 pg TP liter-l; Fig. 2E ).
Patterns of change in the relative proportions (%) of individual taxonomic groups across lakes combine to show how average summer phytoplankton community composition is related to average nutrient levels (Table 2; Figs. 3, 4) . Some groups maintain a fairly constant representation in the community. Among these, diatoms account for a consistently large proportion (20-30%) of total summer phytoplankton biomass from oligotrophic to highly eutrophic lakes (Figs. 3, 4) . Two other groups-Chlorophyta and Dinophyta-also make up relatively constant fractions of the total biomass across a broad TP range, but these fractions are much smaller (<-lo%;
Figs. 3, 4). On the other hand, the relative proportions of Cyanobacteria, Chrysophyceae, and Cryptophyta show significant TP-related changes. In particular, the proportion of Cyanobacteria increases conspicuously with TP over most of the nutrient range. In oligotrophic systems, the average blue-green biomass fraction grows steadily with TP, levelling out at approximately 20% of the total biomass at -10 kg TP liter-'. With further increases in average TP above -30 Fg TP liter-', the relative importance of blue-greens again increases steeply, reaching over 70% of the total algal biomass in hypereutrophic lakes (>lOO p,g TP liter-l; Figs. 3, 4) . In marked contrast, the average fractions of Chrysophyceae and Cryptophyta decrease with TP (P < 0.0001; Table 2 ; Figs. 3, 4). These two groups are significant components of the average summer total biomass (17-23%) in oligotrophic lakes, but the relative proportion of Chrysophyceae rapidly declines in an exponential fashion to less than 5% in eutrophic lakes (Fig. 3) . The relative biomass of cryptophytes, however, shows a more extended decrease with enrichment. Cryptophytes account for a moderate proportion of the total biomass at most TP levels, except in highly eutrophic lakes (> 100 p,g TP liter-') where this taxonomic group also decline to <5% (Fig. 3) .
Finally, the wax and wane of individual algal groups described above combine to produce significant, second-order relationships of total algal biomass and Chl a with TP (P < 0.0001; Table 1 ) that are consistent with previous comparative analyses (e.g. Watson et al. 1992 ). Furthermore, multivariate regression analyses show that, in addition to TP, Chl a concentrations are also positively correlated with the two most dominant taxonomic groups, Cyanobacteria and Bacillariophyceae. The average Chl a content (%Chl a/total biomass) of the total phytoplankton community is significantly and negatively related to only two taxonomic groups: Cyanobacteria, and surprisingly, also the less prominent Chrysophyceae (P < 0.001; Table 3 ).
Discussion
Enrichment-related changes in the average taxonomic composition of summer phytoplankton communities are widely documented. Our empirical analysis of this extensive data set, however, represents the first broadscale quantification of these changes across trophic state categories (oligotrophic, mesotrophic, and eutrophic lakes). Our results show that all taxonomic groups examined increase in average summer biomass with TP but differ markedly in their responses across both narrow and broad nutrient ranges. In oligotrophic lakes (< 10 Fg TP liter-'), the low total phytoplankton biomass is fairly evenly divided among Cryptophyta, Chrysophyceae, and Bacillariophyceae. All taxonomic groups increase sharply with TP in this region, especially Cyanobacteria (Fig. 1) . In contrast, across a mesotrophic TP range (lo-30 Fg TP liter-'), the taxonomic groups are all evenly represented but show markedly dissimilar patterns of change with increasing average phosphorus levels. Diatoms, cryptophytes, and green algae increase with average lake TP concentration, but blue-greens, dinoflagellates, and chrysophytes show little TP-related change. Finally, in highly eutrophic regions (B-60 Fg TP liter-'), individual taxonomic groups diverge, and average total biomass i's progressively dominated by fewer groups. Most conspicuously, blue-green biomass exhibits the most rapid increase in this region (-lOOfold), while other groups show no TP-related change and become increasingly rare (Cryptophyta and particularly Chrysophyceae) or generally decline (Dinophyta) in hypereutrophic lakes (Fig. 1) .
The model-free LOWESS analysis shows that for most groups, the overall change in biomass is more rapid for some TP ranges than others. This implies that the effects of enrichment are nonuniform, leading to different "local" community responses (i.e. across small TP ranges). Some taxonomic groups increase significantly over a broad TP range (Cyanobacteria, Bacillariophyceae); others exhibit decelerating rates of increase at low (Chrysophyceae) or moderate TP levels (Cryptophyta, Dinophyta). This results in marked shifts in average phytoplankton taxonomic composition across this intermediate TP range (Fig. 1) .
It is beyond our scope to examine the many factors that affect individual taxonomic group dynamics (e.g. see Reynolds 1984) . A number of these factors, however, which influence phytoplankton growth and loss rates (e.g. nutrient uptake, division rates, motility, sinking, and grazing losses), interact with both taxon size and morphology (e.g. Seip and Reynolds 1995) . Therefore, an algal division with a wide diversity of taxon size and shape might be expected to succeed in a broad range of environments. Small cells with rapid nutrient uptake and turnover rates are well adapted to nutrient-poor systems (e.g. Hecky and Kilham 1988) . But taxonomic groups with a small upper size range are also likely to be regulated strongly in lakes with intermediate and high nutrient levels, which support significant herbivorous zooplankton populations. This increased grazing pressure in more eutrophic lakes results in a selection toward the predominance of large slow-growing inedible algal morphs (e.g. Watson and McCauley 1988; McCauley et al. 1988) . For a taxonomic group with both small and large taxa, therefore, grazing-related shifts in predominant life-form might be expected to modify the rate of increase with TP for different TP ranges.
A second major hypothesis is that mixing regime may account for changes in TP-biomass relationships with enrichment. Water-column stability strongly influences the taxonomic composition of phytoplankton communities (e.g. Reynolds 1992 ). Furthermore, nutrient levels are directly affected by mixing regime: in general, deeper, stratified lakes tend to be more oligotrophic than shallow, mixed systems (e.g. Fee 11979). The greatest overlap between stratified and mixed lakes generally occurs in the mesotrophic TP range (e.g. Mazumder 1994) and might therefore be expected to coincide with shifts in the slope of the TP-biomass relationships of some taxonomic groups.
Among those taxonomic groups that show a fairly steady increase over the TP range, most attention has been paid to the Cyanobacteria. These taxa are frequently responsible for noxious blooms in eutrophic lakes but are also an important component of the phytoplankton biomass at other levels of enrichment. The morphological diversity of this group may be a key 1:o their success in a wide range of environments (e.g. Reynolds 1984 ). Thus, picoplankton are a significant biomass component in many oligotrophic lakes. At higher nutrient levels, populations of intermediate-sized cyanobacterial trichomes (e.g. Oscillatoriales) or large, colonial forms (Nostocales; some Chroococcales) increase in frequency and may reach bloom proportions. The development of bluegreen blooms in eutrophic lakes is attributed to their ability to accommodate environmental changes associated with enrichment, such as reduced N: P and light (e.g. Paerl 19883) and to their generally low edibility, coupled with large herbivore regulation of other taxa (Haney 1987) . However, the relative importance of these mechanisms varies considerably among different blue-green taxa, and none of the associated environmental factors (N: P, light, temperature, etc.) is as well correlated with blue-green biomass across a wide range of lakes a,3 is TP (e.g. McQueen and Lean 1987; Jensen et al. 1994) .
Mixing regime has a major influence on the predominant cyanobacterial life-form (e.g. Jensen et al. 1994; Oliver 1994) . Some blue-greens are well adapted to stratified systems, for example, via buoyancy-regulated vertical movement through nutrient and light layers (Oliver 1994) , nutrient storage, and surface bloom formation (Tilzer 1987; Paerl 1988b) . Other blue-greens harvest light efficiently in mixed or turbid I=nvironments (Tilzer 1987) . It is possible, therefore, that ,the flattened shape of the (LOWESS) TP-Cyanobacteria curve in the mesotrophic region reflects a transition between these life-forms, corresponding with the overlap of stratified a.nd mixed lakes.
Although morphological diversity may facilitate the wide distribution of Cyanobacteria among lakes, it is not consistently related to patterns of dominance among other groups. A comparjson of individual curves (Fig. 1) suggests that the curvilinearity of the TP-total biomass relationship is produced by the strong, stepped changes of the blue-greens. But if blue-green biomass is subtracted from corresponding total biomass data, the remaining fraction, composed of five major algal groups, still shows a significantly nonlinear change with TP (P < 0.0001). In fact, planktonic diatoms have a smaller range in size and shape than blue-greens, but this group makes a comparable (%) contribution to total biomass across the data set (on average, -33% vs. 30%). Furthermore, diatoms increase steeply over most of the TP range (Fig. l) , consistent with observations that this group is well adapted tcl a broad range of nutrient regimes (Will& 1991; Corbelas and Rojo 1994) .
As with Cyanobacteria, nutrients (especially P and Si) and mixing regimes may select for the predominant diatom mor-phology (Willen 1991). Efficient nutrient uptake may favor pennate diatoms in oligotrophic environments (Sterner 1990) , and centric diatoms, with higher growth rates and lower sinking losses, may bloom in eutrophic lakes, particularly in mixed systems (Corbelas and Rojo 1994) . Unlike Cyanobacteria, however, diatoms show no significant. change in their rate of increase with TP, despite any shifts in the predominant diatom morphology that may coincide with the overlap between mixed and stratified mesotrophic lakes (Figs. 1, 2C ). In fact, at intermediate TP levels, diatoms generally predominate summer phytoplankton communities, where they account for the highest average biomass (Fig. 1) .
Chlorophyta, on the other hand, are a very diverse group (Happey-Wood 1988) , with a broad range of morphotypes, including both edible and inedible forms. Nevertheless, this group rarely dominates temperate lake phytoplankton communities, except at nutrient extremes, where chlorophyte pica-or nanoplankton may account for most of the total biomass (Happey-Wood 1988) . Relative to other groups, however, the increase in green algal biomass with TP is slow (Fig. l) , which suggests that other factors limit their biomass in many planktonic communities. Furthermore, for this diverse taxonomic group, the major effect of zooplankton grazing may be simply to shift the dominant size (Jensen et al. 1994) . High light and N : P, and intermediate pH and temperatures may favor chlorophytes (Zevenboom and Mur 1980; Tilman et al. 1986 ). These conditions may exist intermittently in mesotrophic systems, producing species shifts, but no sustained dominance (Happey-Wood 1988) . Thus, our data show a slight increase in chlorophyte biomass, along with considerable variance, at intermediate TP levels. We also observe both a reduction in the slope of their relationship with TP and fewer data in highly eutrophic systems (> 100 pg TP liter-'; Fig. 2C ), indicating that in fact, chlorophytes dominate relatively few phytoplankton communities in hypereutrophic lakes.
Green algae are often associated with small, shallow water bodies (Happey-Wood 1988) , but this group shows no marked change in the slope of the TP-biomass curve in the mesotrophic region of overlap between stratified and mixed lakes (Fig. 3) . There is evidence that mixing regime may influence their relative success, in a manner, however, that is not entirely clear. In some hypereutrophic lakes, for example, monospecific blooms of chlorococcales are attributed to both a continuous and high sediment nutrient supply and frequent circulation to the surface that may reduce light limitation (Jensen et al. 1994) . On the other hand, in subtropical lakes, green algae may also dominate shallow lakes, but these lakes are generally oligotrophic and their chlorophyte algal assemblages are highly diverse (e.g. Duarte et al. 1992) .
Both Cryptophyta and Chrysophyceae exploit nutrient and light gradients (Salonen et al. 1984; Sandgren 1988) , and conditions associated with enrichment (e.g. increased turbidity and organic materials) favor their growth, On the other hand, most cryptophytes and many chrysophytes are small monads, and grazing regulation should significantly modify their response to enrichment . The TP-biomass curves of these two groups diverge strongly, however, which suggests that they are differentially affected by herbivory. In oligotrophic lakes, with small grazer populations, both taxonomic groups have a relatively high average biomass which increases with TP Cryptophytes con&rue to increase with enrichment, but level out in eutrophic lakes (Fig. 2E) . These ubiquitous flagellates do not typically form blooms and are rarely dominant (Stewart and Wetzel 1986; Klaveness 1988) , consistent with the hypothesis that they are regulated at high nutrient levels by large zooplankton .
Chrysophyceae also show an initial increase with TP But chrysophytes level out at much lower nutrient concentrations than cryptophytes, show a much smaller average biomass in eutrophic systems, and rarely occur in highly eutrophic lakes (Fig. 2F) . It seems, therefore, that the two taxonomic groups are not limited by the same factors in enriched lakes. Chrysophyceae have been shown to be frequently phosphorus limited, but they respond unpredictably to enrichment (Sandgren 1988; Holmgren 1984) and may produce erratic blooms in oligomesotrophic lakes (e.g. Nicholls 1994; Watson et al. 1996) . The comparatively poor relationship between TP and chrysophyte biomass suggests that this group is more influenced by factors other than phosphorus, such as pH, alkalinity, or iron (Sandgren 1988) , or by the mixotrophic mode of nutrition that is common among many of these taxa (e.g. Caron et al. 1990 ). It has also been hypothesized that the disappearance of chrysophytes from eutrophic lakes reflects grazing losses (Sandgren and Walton 1994) , but this does not explain why large, less edible colonial chrysophytes are rare in these lakes. These large chrysophytes, however, seem to be most successful during periods of stratification (Sandgren 1988) , which suggests that their distribution in highly eutrophic lakes may be limited by the polymictic conditions common among many of these systems.
Dinoflagellates exhibit a uniquely shaped curvilinear response to increasing TP across lakes (Figs. I, 2D ). They have a low average biomass in oligotrophic systems and increase rapidly with TP in mesoeutrophic lakes (Fig. 2D) . This pattern implies a threshold nutrient requirement for growth and is consistent, with observations that large armored (thecate) dinoflagellates have high nutrient requirements (Pollingher 1988) . Dinoflagellates also show opportunistic P and N uptake and storage, which facilitates blooms in nutrient-depleted eutrophic water-bodies (Reynolds 1984; Paerl 1988b ). In addition, dinoflagellates are more abundant in stratified lakes where they exploit vertical nutrient and light gradients (e.g. Pollingher 1988; Reynolds and Bellinger 1992) . This preference for stratified conditions may account for the change in slope of the TP-dinoflagellate relationship in the region of overlap between mixed and stratified mesotrophic lakes (Fig. 2D) . It may also explain some of the general decline or absence of dinoflagellates in many hypereutrophic lakes, which are largely shallow and polymictic.
If we compare these results to our previous phytoplankton analyses (e.g. McCauley et al. 1988; Watson et al. 1992) , there are similarities. All taxonomic and size components of biomass increase rapidly with average TP level in oligotrophic lakes, which are dominated by edible taxa, and to a lesser extent, by diatoms. A region of inflexion in the total biomass curve occurs at mesotrophic nutrient levels and cor- Table 3 . Partial regression coefficients for the relationships between Chl a and phytoplankton Chl a content (%Chl u/biomass) and total phosphorus (TP), total biomass, and taxonomic group biomasses. Only significant results are shown. Analyses based on log-transformed summer epilimnetic averages (all estimates in p,g liter-'). Level of significance given in parentheses; N = number of observations (lakeyears). responds with increased nutrient bioavailability (e.g. Downing and McCauley 1992) . Within this TP range, both edible and inedible biomass contribute evenly to total biomass (Watson et al. 1992) , as do major taxonomic groups (Figs.  1, 4) . This even distribution of total phytoplankton biomass among the different algal fractions implies that in mesotrophic lakes neither size or taxonomy allows a sustained advantage in relation to TP In eutrophic lakes phytoplankton size and taxonomic fractions diverge, and at very high TP levels the community is dominated by large, less edible taxa (blue-greens and diatoms; Fig. 1 ). Several of the dominant taxonomic groups at either end of the TP spectrum are dissimilar, which suggests that different groups have competitive advantages under extremes of nutrient limitation or loading. Because the general patterns shown by taxonomic groups are consistent with those of the functional size groups, it seems that herbivory plays an important role in modifying TP-related changes of phytoplankton assemblages. But the data also suggest that other factors influence the shapes of the TP-biomass curves of individual taxonomic groups. In particular, a quantitative examination of the role of mixing regime in the distribution and relative abundance of major phytoplankton groups along a TP gradient is long overdue.
In conclusion, a synthesis of patterns in average summer biomass of six major taxonomic groups among temperate zone lakes shows that all groups increase in biomass with TP with different degrees of curvilinearity, resulting in a nonlinear TP-total biomass curve. However, neither group morphological diversity nor herbivory fully explains patterns of taxonomic composition across the range of nutrient levels observed, and we suggest that other factors such as thermal regime may play an important role.
